Rhabdomyosarcoma (RMS) tumors are the most common soft-tissue sarcomas in childhood. In this investigation, we show that myostatin, a skeletal muscle-specific inhibitor of growth and differentiation is expressed and translated in the cultured RMS cell line, RD. The addition of exogenous recombinant myostatin inhibits the proliferation of RD cells cultured in growth media, consistent with the role of myostatin in normal myoblast proliferation inhibition. However, unlike normal myoblasts, upregulation of p21 was not observed. Rather, myostatin signalling resulted in the specific downregulation of both Cdk2 and its cognate partner, cyclin-E. The analysis of Rb reveals that there was no change in its phosphorylation status with myostatin treatment, consistent with D-type-cyclinCdk4/6 complexes being active in the absence of p21. Moreover, the activity of Rb appeared to be unchanged between treated and nontreated RD cells, as determined by the ability of Rb to bind E2F1. The examination of NPAT, a substrate of cyclin-E-Cdk2 involved in the transcriptional activation of replication-dependent histone gene expression, revealed that it undergoes a loss of phosphorylation with myostatin treatment. Supporting this, a downregulation in H4-histone gene expression was observed. These results suggest that myostatin could potentially be used as an inhibitor of RMS proliferation and define a previously uncharacterized, Rb-independent mechanism for the inhibition of muscle precursor cell proliferation by myostatin.
Introduction
Rhabdomyosarcoma (RMS) is the most common childhood soft-tissue sarcoma and the third most common extracranial childhood solid tumor (Dagher and Helman, 1999; Merlino and Helman, 1999) . This tumor consists of several different subtypes, depending primarily on their characteristic histology, with alveolar (RMS-A) and embryonal (RMS-E) subtypes being the two most common forms. The genesis of RMS-A usually involves a structural rearrangement of chromosome 13 with chromosomes 2 or 1 (Turc-Carel et al., 1986) . This is thought to result in the fusion of the fkhr gene (a member of the forkhead family of transcription factors) with pax3 or pax7, respectively (Galili et al., 1993; Shapiro et al., 1993; Davis et al., 1994) . It is hypothesized that the product of this fusion inappropriately activates the transcription of genes that contribute to the transformed phenotype (Bennicelli et al., 1995; Scheidler et al., 1996) . In contrast to RMS-A, no primary genetic rearrangement analogous to fkhrpax has been identified in RMS-E. Instead, a high frequency of loss of heterozygosity at 11p15 has been observed in RMS-E, suggesting an unknown tumor suppressor gene (Scrable et al., 1989) . This region of chromosome 11 also contains a number of imprinted genes implicated in oncogenesis, including h19, igf2 and p57 (Feinberg, 1999) . In addition, cytogenetic analyses indicate a general pattern of chromosomal gain leading to hyperdiploidy in RMS-E (Pandita et al., 1999) , but the genomic regions and the effects from these gains have yet to be determined.
RMSs are malignant tumors of mesenchymal origin thought to arise from cells that are committed to a skeletal muscle lineage, but fail to complete the differentiation program (Dagher and Helman, 1999; Merlino and Helman, 1999) . Controlling the process of myogenic specification and differentiation are the family of basic helix-loop-helix factors, MRFs, which include MyoD, Myf-5, myogenin and MRF4 (Tapscott and Weintraub, 1991; Olson and Klein, 1994; Ludolph and Konieczny, 1995; Megeney and Rudnicki, 1995; Perry and Rudnick, 2000) . Indeed, all of the MRFs have the ability to convert nonmyogenic cells to a muscle phenotype (Braun et al., 1989; Edmondson and Olson, 1989; Weintraub et al., 1989; Choi et al., 1990; Miner and Wold, 1990) . In RMS, even though MyoD and myogenin are expressed and are able to bind DNA, rhabdomyoblasts fail to complete the differentiation program, suggesting a deficiency of a factor required for MyoD or myogenin activation (Bouche et al., 1993; Tapscott et al., 1993) . Consistent with this, Puri et al. (2000) showed that p38 MAP kinase (MAPK), which is essential for skeletal muscle differentiation, is deficient in RMS cells, and moreover, the forced expression of p38 MAPK restored MyoD function, leading to cell arrest and differentiation.
Transforming growth factor-beta (TGF-b) has also been implicated in the proliferation or myogenic differentiation of RMS. Using an established cell line, RD which was derived from an RMS-E tumor (Houghton et al., 1981) ; the complete removal of TGF-bsignalling by the expression of a dominant-negative type II TGF-b receptor, induces growth arrest but does not trigger differentiation. In contrast, a reduction of TGFb to the range of 0.14-0.20 Â 10 À2 ng/ml was shown to induce myogenic differentiation (Bouche et al., 2000) . This finding supports the cell cycle arrest and differentiation of RD cells by 12-O-tetradecanoylphorbol-13-acetate (TPA), which is suggested to occur through the TPA-induced loss of urokinase plasminogen activator (uPA) activity resulting in a reduction in the conversion of latent TGF-b to active TGF-b (Aguanno et al., 1990; Bouche et al., 1993 Bouche et al., , 2000 .
Myostatin, a growth and differentiation factor (GDF8) belonging to the TGF-b superfamily, acts as a negative regulator of skeletal muscle mass. The deletion of myostatin in mice, mutations in the myostatin gene in Belgian Blue and Piedmontese cattle or the perturbation of myostatin function all result in increased skeletal muscle mass (Kambadur et al., 1997; Grobet et al., 1998; Szabo et al., 1998; Zhu et al., 2000; Yang et al., 2001) . Like other TGF-b family members, myostatin appears to be synthesized as a precursor molecule, which is subsequently cleaved to generate an N-terminal propeptide or latency-associated peptide (LAP) and a Cterminal active peptide or mature myostatin. Mature myostatin forms a homodimer and has been shown to bind Activin type II B, and with less efficiency Activin type II A receptors, wherein it presumably elicits its biological function (Lee and McPherron, 2001) . The Nterminal LAP functions bind to the mature myostatin preventing this receptor binding, thus regulating myostatin activity.
Consistent with its role as a negative regulator of skeletal muscle growth, the mature signalling portion of myostatin has been shown to be biologically active in repressing the proliferation and differentiation of cultured myoblasts (Thomas et al., 2000; Langley et al., 2002) . Fundamental to the proliferation of myoblasts is the cell cycle. Progression through the cell cycle and cell cycle arrest is largely controlled by cyclin-dependent kinases (Cdks), cyclins and Cdk-inhibitors (CKIs). The principle Cdks responsible for G 1 -phase progression and entry into the S phase are Cdk4/6 and Cdk2, which bind and become activated by their regulatory subunits, the D-type cyclins (cyclin-D1, -D2 and -D3) and cyclin-E, respectively. As active complexes cyclin-Cdks phosphorylate retinoblastoma (Rb), inactivating it, releasing transcription factors required for the G 1 -S-phase progression from their negative restraint. Regulating the G 1 -cyclin-Cdk complexes are two classes of CKIs, the Cip/Kip (or p21) family and the INK4 (or p16) family. Myostatin has been shown to inhibit myoblast proliferation by specifically upregulating p21 and downregulating Cdk2, resulting in a loss of cyclin-E-Cdk2 activity and cell cycle arrest (Thomas et al., 2000) .
In this study, we have investigated whether myostatin can inhibit RMS cell proliferation. We demonstrate that myostatin inhibits the proliferation of cultured RD cells by the downregulation of both cyclin-E and Cdk2, a kinase complex important for the activation factors promoting G 1 -to S-phase transition and S-phase progression. Unlike that reported for normal myoblasts, the CKI, p21, was not upregulated in RD cells treated with myostatin. Furthermore, no change in Rb phosphorylation or activity was observed with the treatment of myostatin. Supporting RD cell proliferation inhibition by the downregulation of cyclin-E-Cdk2, a pathway involving NPAT is disrupted with myostatin treatment. NPAT has been shown to be a substrate of cyclin-E-Cdk2 that is crucial for histone gene expression and cell cycle progression at the G 1 /S boundary. These results suggest that myostatin could potentially be used as an inhibitor of RMS proliferation and define a previously uncharacterized, Rb-independent mechanism for the inhibition of muscle precursor cell proliferation by myostatin.
Results

Myostatin is expressed and translated in RMS cells
To examine if RMS cells express myostatin, reverse transcriptase-PCR (RT-PCR) using myostatin-specific primers was performed on total RNA extracted from cultured RD cells. As can be seen in Figure 1a , the RT-PCR amplification revealed that myostatin is expressed in RD cells. Furthermore, sequence analysis of the RT-PCR products revealed that no mutations that would result in an inactive myostatin protein are present. In addition to myostatin being expressed in RD cells, Western blot analysis and immunocytochemistry (ICC) of cultured RD cells using antimyostatin antibodies revealed that myostatin protein was also synthesized and processed (Figure 1b and c) . These results demonstrate that RMS tumors are unlikely to arise from a loss of myostatin, consistent with the fact that myostatin-null animals such as Belgian blue cattle do not display any increased incidence of tumorigenesis (Arthur, 1995) .
RMS cell proliferation decreases with increasing concentrations of myostatin and the inhibitory effect is reversible
Myostatin is characterized as a specific negative regulator of skeletal muscle growth. Consistent with this, recombinant myostatin has been shown to inhibit primary bovine and cultured mouse C 2 C 12 myoblasts in a concentration-dependent manner (Thomas et al., 2000) . Since rhabdomyoblasts are cells committed to a myogenic lineage, by analogy with normal myoblasts, it was asked whether RD cell proliferation is inhibited by exogenously added myostatin. We used RD (embryonic) and RMS130 (alveolar) RMS cells to assess the effect of myostatin.
Cells were cultured in growth media (containing 10% FCS) with varying concentrations of exogenous myostatin and analysed for their proliferation potential by methylene blue assay. Consistent with the growthinhibitory effect of myostatin on C 2 C 12 and primary myoblasts, myostatin inhibited the growth of both lines of RMS in a dose-dependent manner (Figure 2a and b) . The myostatin treatment did not result in myogenic differentiation and myotube formation (Figure 2c) .
To address the question of whether the myostatin growth inhibition of RMS cells is reversible, RMS cells were incubated with a growth-inhibitory dose of myostatin (8 mg/ml) for 48 h, after which myostatin was removed and cells were incubated in growth media. Proliferation of the myoblasts was assessed at 48-h intervals by the methylene blue assay. Control RMS cells, incubated in growth media without myostatin, showed a steady increase in cell number during the course of the experiment (Figure 3 ). When myostatin was added, the total cell number remained constant for the entire duration of the experiment. Conversely, when myostatin was subsequently removed from the cultures at 48 h, myoblasts resumed growth and the total cell number increased (Figure 3 ).
Taken together, these results suggest that myostatin can inhibit the proliferation of RMS cells in a dosedependent and reversible manner such as was described for C 2 C 12 and primary bovine myoblasts (Thomas et al., 2000) .
Myostatin treatment causes cell cycle arrest in RMS cells
Flow cytometric analysis was used to determine if RMS cells were accumulating in the gap (G 1 and G 2 ) phases of (Thomas et al., 2000) . Unfortunately, since RMS cells are aneuploidy and contain several chromosomal translocations (Shapiro et al., 1991; Pappo et al., 1993; Niggli et al., 1994) , no meaningful data could be attained with respect to cell cycle distribution. To overcome this problem, BrdU staining was used to examine if any DNA synthesis was occurring in RMS cells treated with myostatin. To this end, RD cells were methionine-starved to synchronize them in the G 0 /G 1 phase of the cell cycle. Following the release from this methionine-minus block, the RD cells were incubated in growth media with or without myostatin in the presence of BrdU. ICC analysis shows that nearly all (95.0070.47%) of the untreated myoblasts progressed through the S phase of the cell cycle, as determined by BrdU incorporation during DNA synthesis (Figure 4a and b). In contrast to the control cells, very few (6.8570.77%) of the myostatin-treated cells progressed through the S phase (Figure 4a and b). These values are significantly different (Po0.001). The observation that myostatintreated RD cells fail to incorporate BrdU suggests that, like C 2 C 12 and bovine primary myoblasts, myostatin arrests RD cells in the G 1 phase of the cell cycle.
Unlike normal myoblasts, myostatin treatment does not upregulate p21, or other CKIS in RMS cells
The treatment of RMS cells with myostatin results in cell proliferation arrest and a concomitant loss of DNA synthesis, similar to that previously described for C 2 C 12 myoblasts. To examine if the CKI, p21, or other CKIs, p15, p16 and p27 were contributing to cell cycle arrest and proliferation inhibition, their expression was examined after myostatin treatment. Actively growing RMS cells were cultured with or without myostatin in the media for 6, 12, 18 and 24 h before harvesting for total protein. Western blot analyses using anti-p21 antibodies showed that p21 protein was not upregulated at any of the time points after treatment with myostatin ( Figure 5 ). To examine if myostatin upregulated any other CKI belonging to either the p21-or p16-families, further Western blot analyses were performed on the myostatin-treated or nontreated RMS protein extracts. Figure 5 shows that neither p15 nor p16 (of the p16-family) is upregulated in response to myostatin treatment. Similarly, p27 and p57 (of p21-family) levels were unchanged between the myostatin-treated and nontreated RMS cells ( Figure 5 ). These results suggest that although RMS cell growth is inhibited by myostatin, the exact molecular mechanism for this inhibition is different from that of C 2 C 12 myoblast inhibition.
Myostatin treatment significantly downregulates Cdk2 and its cognate partner cyclin-E, but not Cdk4 and cyclin-D1
Since the levels of the G 1 -cyclin-Cdks can regulate the cell cycle, it is possible that the observed inhibition of RMS cell proliferation by myostatin could be due to downregulated Cdks and/or cyclins. To examine if myostatin downregulates cyclin-Cdk levels, Western blot analyses were performed on total protein extracts from RMS cells cultured with or without myostatin in the media for 24 and 48 h. Figure 6 shows that the level of Cdk2 was indeed downregulated at the 24-and 48-h time points in response to myostatin treatment. As seen with C 2 C 12 myoblasts, the levels of Cdk4 were not appreciably different between myostatin-treated and -untreated RMS cells (Figure 6 ). Western analyses examining the levels of cyclin-E and cyclin-D1 showed that cyclin-E expression is dramatically reduced in RMS cells treated with myostatin ( Figure 6 ). The levels of cyclin-D1 did not change appreciably ( Figure 6 ).
Taken together, these results suggest that myostatin may inhibit RMS cell proliferation by the downregulation of the cell cycle regulatory complex, cyclin-E-Cdk2. To further prove this fact, we tried to rescue RMS cells from myostatin inhibition by stably overexpressing either cyclin-E alone or Cdk2 and cyclin-E together in the RMS cells. As shown in Figure 2d , stable transfection resulted in the ectopic expression of cyclin-E and Cdk2 in the RMS cells. When these cells were treated with myostatin, RD cells expressing cyclin-E alone are more resistant to myostatin-mediated repression and thus have increased proliferation as compared to control RD cells treated with myostatin. Similarly, cells ectopically expressing cyclin-E and Cdk2 also showed an increasing rate of proliferation as compared to control RD cells when treated with myostatin ( Figure 2e ). These results confirm that myostatin inhibits RMS cells' proliferation by downregulating the expression of cyclin-E-Cdk2.
Myostatin treatment does not alter Rb phosphorylation status in RMS cells
Rb protein, the major substrate of G 1 -Cdks, acts by binding to and repressing the activity of certain transcription factors, such as the heteromeric E2F/ DP1 complex. Recent studies suggest that Cdk4 and Cdk6 in conjunction with D-type cyclins, which are expressed early in G 1 , partially phosphorylate Rb, allowing for the transcriptional activation of Cdk2 and cyclin-E. The subsequent phosphorylation of Rb by cyclin-E-Cdk2 fully inactivates Rb allowing the transcription of S-phase-specific genes and G 1 -to S-phase cell cycle progression. The observed lack of p21 upregulation and normal expression of cyclin-D1-Cdk4 in RMS cells treated with myostatin suggested that the Rb protein would not accumulate in a hypophosphorylated form.
To examine the phosphorylation status of Rb in myostatin-treated RMS cells, Western blot analysis was performed, using an antibody that detects both the hypo-and hyperphosphorylated forms of Rb, on total proteins extracted from RMS cells or control rat L6 myoblasts incubated with or without myostatin protein for 12 or 24 h. As seen in Figure 7a , the treatment of control rat L6 myoblasts resulted in Rb accumulating in Figure 5 Myostatin does not alter the levels of the CKIs p21, p15, p16 or p27 in RMS cells. Western blots showing the levels of p21, p15, p16 and p27 protein in RD cells cultured with ( þ ) or without (À) myostatin for 24 and 48 h. p21, p15, p16 and p27 immunoreactive proteins were detected using their respective antibodies. Tubulin protein levels, detected by antitubulin antibodies, are included to show even loadings Figure 6 Myostatin downregulates cyclin-E and Cdk2, but not cyclin-D1 and Cdk4 in RMS cells. Western blots showing the levels of cyclin-E, cyclin-D1, Cdk2 and Cdk4 protein in RD cells cultured with ( þ ) or without (À) myostatin for 24 and 48 h. Cyclin-E, cyclin-D1, Cdk2 and Cdk4 immunoreactive proteins were detected using their respective antibodies. Tubulin protein levels, detected by antitubulin antibodies, are included to show even loadings a hypophosphorylated state, consistent with the published results (Thomas et al., 2000) . In contrast to this, there was no apparent difference in the hyper-and hypophosphorylated forms of Rb between the treated and nontreated RMS cells.
Rb activity is not altered by myostatin treatment
The examination of Rb phosphorylation suggested no difference in the phosphorylation status in myostatintreated and nontreated RD cells. To examine if myostatin treatment altered Rb activity, the ability of Rb to bind E2F1 was examined in myostatin-treated and nontreated RD cells.
The immunoprecipitation of Rb using anti-Rb antibodies and subsequent Western blot analysis for E2F1, using anti-E2F1 antibodies, revealed that there was no difference in the levels of E2F1 coimmunoprecipitated with Rb between the myostatin-treated and nontreated RD cells (Figure 7b ). These results suggest that in RD cells, Rb phosphorylation and activity are unchanged between myostatin treatment and nontreatment, despite the loss of cyclin-E and downregulation of Cdk2. Furthermore, cell cycle arrest appears to be independent of Rb.
Downregulation of Cdk2-cyclin-E results in the loss of NPAT phosphorylation and histone H4 gene activation
Cyclin-E-Cdk2 is expressed in late G 1 and has many substrates fundamental for entry into, and progression through, the S phase. Furthermore, cyclin-E and Cdk2 have been shown to control cell cycle independent of Rb. Since both cyclin-E and Cdk2 are downregulated by myostatin treatment, the inhibition of RMS cell proliferation may, at least in part, be due to the loss of cyclin-E-Cdk2 substrate-specific phosphorylation other than Rb.
To ascertain whether the downregulation of cyclin-E-Cdk2 results in the loss of substrate-specific phosphorylation, the phosphorylation and activity of NPAT was examined in RD cells cultured in growth media with or without myostatin. Since the specific phosphorylation of NPAT by cyclin-E-Cdk2 has previously been reported to result in a mobility shift in SDS-polyacrylamide gel electrophoresis , Western blot analysis was used to determine the phosphorylation of NPAT. Two NPAT immunoreactive bands that migrated at different rates, consistent with nonphosphorylated NPAT and phosphorylated NPAT, were observed in protein extracts from RD cells cultured in growth media without myostatin (Figure 8a ). In contrast to this, only a single NPAT-immunoreactive band, consistent with nonphosphorylated NPAT, was observed in protein extracts from RD cells cultured in growth media with myostatin ( Figure 8a ). These results suggest that the loss of NPAT phosphorylation does indeed occur with myostatin treatment and the downregulation of cyclin-E-Cdk2.
The role of NPAT, after activation by cyclin-E-Cdk2 phosphorylation, is to promote replication-dependent histone gene transcription (Ma et al., 2000; Zhao et al., . Thus, to examine the activity of NPAT, Northern blot analysis was used to determine the expression of histone H4 in RD cells cultured in growth media with or without myostatin. As can be seen in Figure 8b , histone H4 mRNA transcripts of the expected molecular size were detected at both 24 and 48 h time points in RD cells cultured in growth media without myostatin. By contrast, the histone H4 mRNA transcripts detected in RD cells cultured in growth media with myostatin for 24 and 48 h were lower, consistent with a loss of NPAT activity (Figure 8b ).
Discussion
Myostatin, a member of the TGF-b superfamily, is a key regulator of skeletal muscle growth and development. In this investigation, we show that myostatin lacks any inactivating sequence mutations and is expressed, translated and processed in the RMS cell line, RD. We also show that like normal myoblasts, RD cell proliferation is inhibited by the addition of exogenous recombinant myostatin. The molecular mechanism for this inhibition, however, differs from that described for the proliferation inhibition of normal myoblasts. Specifically, no increase in the CKI, p21, is observed in RD cells treated with myostatin; cyclin-E and Cdk2 are downregulated and proliferation inhibition appears to be Rb independent (Figure 9 ).
Myostatin is expressed in RD cells
In mammals, myostatin is expressed in myogenic precursor cells and skeletal muscle, although low levels of expression have been detected in other tissues such as adipose , mammary (Ji et al., 1998) and cardiac tissue (Sharma et al., 1999) . Since RMS tumors are thought to arise from mesenchymal cells committed to a skeletal muscle lineage (Dagher and Helman, 1999; Merlino and Helman, 1999) , it was examined whether the loss or perturbation of myostatin synthesis contributes to RMS tumorigenesis. The results presented here show that myostatin is indeed expressed 
RD cell growth is inhibited by myostatin
The role of myostatin as a negative regulator of skeletal muscle growth is now very well established. Inactivating mutations in cattle and mice or the deletion of myostatin in mice all result in increased skeletal musculature due to hypertrophy and/or hyperplasia. Furthermore, myostatin has been shown in cell culture systems to inhibit the proliferation of both primary bovine and mouse C2C12 myoblasts (Thomas et al., 2000) . This inhibition was dose dependent and did not cause increased apoptosis or myogenic differentiation. The examination of RD cell proliferation in response to myostatin revealed that like normal myoblasts, RD cell proliferation is inhibited by myostatin treatment in a dose-dependent manner (Figure 2a and b) . The inhibition to proliferation is reversible upon removal of myostatin from the culture media (Figure 3) . Flowcytometric analysis previously performed on normal C 2 C 12 myoblasts treated with myostatin showed a significant reduction of cells in the S phase and an accumulation of cells in the G 1 -and G 1 /M-phases of the cell cycle (Thomas et al., 2000) . Unfortunately, with RD cells, no meaningful data could be attained by flowcytometric analysis with respect to cell cycle distribution. However, examination of BrdU incorporation in myostatin-treated RD cells determined that, like normal C2C12 myoblasts, there was a significant reduction in the proportion of cells in the S phase of the cell cycle (Figure 4) .
Myostatin has been shown to inhibit the proliferation of normal myoblasts by altering the levels and activity of members of the cell cycle machinery (Thomas et al., 2000) . Specifically, in response to myostatin treatment, the cyclin-dependent kinase inhibitor p21 is upregulated and the level of Cdk2 is slightly reduced resulting in a loss of cyclin-E-Cdk2 activity. This loss of activity results in the loss of Rb phosphorylation causing cell Figure 9 A model for the Rb-independent role of myostatin in muscle growth. During embryonic myogenesis, Myf-5 and MyoD specify cells to adopt the myoblast fate. Myoblasts then migrate and proliferate. In response to myostatin signalling, cyclin-E-Cdk2 levels and activity are reduced, causing the loss of cyclin-E-Cdk2 substrate-specific phosphorylation (for example, NPAT) required for G 1 to S-phase progression. Thus, myoblasts arrest in the G 1 phase of the cell cycle, and cell number is regulated cycle arrest. In contrast to C 2 C 12 myoblasts, when RD cells were treated with myostatin, no upregulation of p21 was observed ( Figure 5 ). Rather, myostatin signalling resulted in the specific downregulation of both Cdk2 and its cognate partner, cyclin-E (Figure 6 ). The analysis of Rb reveals that there was no change in its phosphorylation status with myostatin treatment (Figure 7a) , consistent with D-type-cyclin-Cdk4/6 complexes being active in the absence of p21. Moreover, the activity of Rb appeared to be unchanged between treated and nontreated RD cells, as determined by the ability of Rb to bind E2F1 (Figure 7b) .
Despite the phosphorylation and activity of Rb, RD cells are arrested by the treatment of myostatin. The downregulation of both Cdk2 and cyclin-E appears to be central to this proliferation inhibition since the ectopic expression of cyclin-E and Cdk2 results in partial rescue of myostatin-mediated inhibition of RMS cells. Cyclin-E-Cdk2 is expressed in late G 1 and has many substrates including Rb, E2Fs, SWI/SNF (chromatin remodelling factors), splicesome-associated proteins, NPAT (histone gene transcriptional activator), p27 and CDC25A (activators of cyclin-E-Cdk2 itself), as well as unknown substrates involved in chromosome duplication and DNA replication initiation (Ewen, 2000) . The majority of these are fundamental for entry into, and progression through, the S phase. Furthermore, cyclin-E and Cdk2 have been shown to control cell cycle independent of Rb. The inactivation of cyclin-E has been shown to result in a G 1 arrest in cells in which Rb function has been inactivated by the expression of SV40 large T antigen (Ohtsubo et al., 1995) . Similarly, the inhibition of Cdk2 activity by the ectopic expression of Cdk inhibitors, such as p21 and p27, or a dominant-negative Cdk2 mutant can cause cell cycle arrest without the functions of Rb (van den Heuvel and Harlow, 1993; Sherr and Roberts, 1995; Hofmann and Livingston, 1996; Ewen, 2000) .
To investigate if the downregulation of cyclin-ECdk2 was functionally significant in the arrest of RD cell proliferation by myostatin, the activation and activity of NPAT were examined. NPAT, a Cdk2 substrate, has been identified as a transcription factor involved in the activation of replication-dependent histone gene expression. Multiple copies for each histone subtype (H1, H2A, H2B, H3 and H4) exist to accommodate the large demand for histone synthesis during DNA replication (Heintz, 1991; Osley, 1991; Stein et al., 1992) . While replication-independent histone genes are constitutively expressed at low levels, the majority of vertebrate histone genes are replicationdependent and expressed during the S phase (Albig and Doenecke, 1997) . Thus, the phosphorylation of NPAT by cyclin-E-Cdk2 coordinates DNA replication with histone gene synthesis Zhao et al., 2000) . The analysis of NPAT phosphorylation in RD cells treated with myostatin revealed that it undergoes a loss of phosphorylation, consistent with the downregulation of cyclin-E-Cdk2 (Figure 8a ). Supporting this loss of phosphorylation, the activity of NPAT also appeared to be reduced, as a downregulation in h4-histone gene expression was observed in RD cells treated with myostatin (Figure 8b ).
In agreement with the results described here, whereby RD cell proliferation is inhibited by myostatin, is a report showing that TGF-b can inhibit the proliferation of RD cells in a dose-dependent manner (Bouche et al., 2000) . While the exact molecular mechanism for this inhibition in RD cells is not reported, other lines of evidence showing that TGF-b1 downregulates cyclin-E and cyclin-A mRNA and protein levels in epithelial cells without altering cyclin-D1 levels (Geng and Weinberg, 1993; Hu and Zuckerman, 2001 ) also support the findings described here. In addition, the treatment of epithelial cells by TGF-b1 has been shown to inhibit cdk2 and cdk4 mRNA induction (Geng and Weinberg, 1993; Hu and Zuckerman, 2001) . Unlike this observation, however, no downregulation of Cdk4 was observed in RD cells with myostatin treatment.
It is interesting that p21 is not upregulated in RD cells in response to myostatin, as seen in C 2 C 12 cells. It has been well documented that the transcriptional activation of p21 during differentiation is lost in RD cells (Otten et al., 1997) ; however, this appears to be a result of the inability of MyoD to activate transcription rather than the inherent dysfunction of p21 itself. Certainly, the restoration of MyoD function by enforced induction of p38 MAPK results in p21 upregulation and terminal myogenic differentiation (Puri et al., 2000) . The loss of p21 upregulation may also partially contribute to the loss of Rb hypophosphorylation, as p21 is responsible for inhibiting cyclin-Cdk phosphorylation of Rb.
Cell cycle regulation in the G 1 phase has attracted a great deal of attention as a promising target for the research and treatment of cancer. Many of the important genes associated with G 1 -regulation have been shown to play a key role in proliferation, differentiation and oncogenic transformation and programmed cell death (apoptosis). Currently, a variety of 'cytostatic' agents that affect G 1 progression and/or G 1 / S transition are being evaluated in clinical trials. Indeed, the antitumor sulfonamide E7070, causing a cellular accumulation in the G 1 phase, has been shown to suppress the activation of Cdk2 and cyclin-E expression in HCT116 colorectal cancer cell line highly sensitive to the drug (Owa et al., 2001) . Based on these data and the results described here, where the treatment of RD cells with myostatin results in the downregulation of cyclin-E-Cdk2 and proliferation inhibition, myostatin could potentially be useful as a 'cytostatic' agent for the treatment of RMS. Another feature making myostatin potentially useful is its specificity. Like other TGF-b family members, the mature C-terminal protein binds to the N-terminal remnant of the original precursor molecule (LAP) resulting in a latent complex (Lee and McPherron, 2001; Thies et al., 2001; Yang et al., 2001) . Myostatin then has to be released from this latent complex to be active. Indeed, the specificity of myostatin is evident in myostatin-null animals, where the altered phenotype is restricted exclusively to skeletal muscle (Kambadur et al., 1997; Grobet et al., 1998; Zhu et al., 2000) .
Materials and methods
Reagents
Myostatin cDNA generation, subcloning into the pET protein expression system, and expression and purification of myostatin protein in Escherichia coli have been described previously (Thomas et al., 2000) . The generation and characterization of polyclonal antimyostatin antibodies have been described previously (Sharma et al., 1999) . Monoclonal and polyclonal anti-NPAT antibodies were a generous gift from Dr Jiyong Zhao (Massachusetts General Hospital Cancer Center, Charlestown, MA, USA).
Cells and cell culture
RD cells were obtained from the ATCC (Rockville, MD, USA). RD cells were grown prior to assay in Dulbecco's modified Eagle's medium (DMEM; Invitrogen), buffered with 41.9 mM NaHCO 3 (Sigma Cell Culture Ltd) and 5% gaseous CO 2 . A measure of 7.22 nM phenol red (Sigma) was used as a pH indicator. Penicillin (1 Â 10 5 IU/l) (Sigma), 100 mg/l streptomycin (Sigma) and 10% fetal bovine serum (FBS; Invitrogen) were added to the media.
RD cells were seeded on Thermonox coverslips or 6-cm plates (Nunc) at a density of 20 000 cells/cm 2 . Following a 16-h attachment period, test media consisting of DMEM media containing 10% FBS (DMEM/10% FBS) with or without 0-10 mg/ml of recombinant myostatin were added. Plates were incubated at 371C, 5% CO 2 for a further 24, 48 or 72 h. After the incubation period, proliferating RD cells were harvested for protein or RNA or assayed using a methylene blue photometric endpoint assay as previously described (Oliver et al., 1989) . In this assay, absorbance at 655 nm is directly proportional to the final cell number. Results are presented here as the mean and standard error of eight replicates. The position of the samples on the plate was randomly assigned and all samples were run in replicates of eight. The results presented in this paper are representative of at least two independent experiments.
To examine the reversibility of myostatin inhibition on RD, cells were seeded onto a Nunc 96-well plate at a density of 18 000 cells/cm 2 . After a 16-h attachment period, DMEM/10% FBS media with or without 6 mg/ml myostatin were added. Cultures were incubated at 371C, 5% CO 2 for 48 h, after which the media were replaced with fresh media at 96 and 144 h. Cells were fixed for methylene blue assay at 192 h. Cultures to have myostatin inhibition 'reversed' received DMEM/10% FBS media without myostatin at 48 h, with further media changes at 96 and 144 h.
Cdk2, cyclin-E expression plasmids (Zhao et al., 1998) were stably transfected into RD cells using lipofectamine 2000 according to the manufacturer's protocol.
Immunocytochemistry
RD cells were fixed with 70% ethanol : formaldehyde : glacial acetic acid (20 : 2 : 1) for 30 s, then rinsed three times with PBS. Cells were blocked overnight at 41C in TBS (0.05 M Tris-HCl, pH 7.6 (Sigma); 0.15 M NaCl) containing 1% normal sheep serum (NSS). Cells were incubated with primary antibody, 1 : 100 dilution antimyostatin antibody (Thomas et al., 2000) , in TBS/1% NSS for 1 h. Rabbit IgG (5 mg/ml; Dako) was used as a negative control. Cells were washed (3 Â 5 min) with TBST (TBS; 0.05% Tween-20) and incubated with secondary antibody, 1 : 300 dilution biotinylated donkey anti-rabbit IgG (RPN1004; Amersham) in TBS/1% NSS for 30 min. Cells were washed as before and incubated with a tertiary antibody, 1 : 100 dilution of streptavidin-biotin peroxidase complex (RPN1051; Amersham) in TBS/1% NSS for 30 min. Myostatin-immunostaining was visualized using 3,3-diaminobenzidine tetrahydrochloride (DAB; Invitrogen) enhanced with 0.0375% CoCl. Myostatin-immunostained cultures were lightly counterstained with Gill's hematoxylin and photographed using an Olympus BX50 microscope (Olympus Optical Co., Germany) fitted with a DAGE-MTI DC-330 color camera (DAGE-MTI Inc., IN, USA).
BrdU incorporation
For BrdU incorporation, RD cells were seeded onto Nunc Thermonox coverslips at a density of 25 000 cells/cm 2 and cultured as described above. After a 16-h attachment period, RD cells were arrested in G 0 by culturing in methionine-free DMEM (Invitrogen) containing 1% FBS. After 48 h of incubation, the methionine-free media were replaced by growth media containing 1 : 1000 BrdU labelling reagent (Amersham) and either 0 or 10 mg/ml myostatin. RD cells were cultured for a further 30 h. RD cells were fixed in 70% ethanol for 5 min and blocked overnight at 41C in TBS containing 1% NSS. Cells were washed two times with PBS, incubated with 4 N HCl for 10 min, rinsed two times with 0.1 M (pH 8.5) and rinsed with PBS. Primary antibody incubations were with 1 : 1000 anti-BrdU antibody (Sigma) for 1 h in TBS containing 1% NSS. Cells were washed (3 Â 5 min) with TBST and incubated with secondary antibody, 1 : 100 dilution of biotinylated sheep anti-mouse IgG (RPN1001; Amersham) in TBS/1% NSS for 30 min. Cells were washed as before and incubated with a tertiary antibody, 1 : 100 dilution of streptavidin-biotin peroxidase complex (RPN1051; Amersham) in TBS/1% NSS for 30 min. BrdU-immunostaining was visualized using DAB (Invitrogen) enhanced with 0.0375% CoCl. BrdU-immunostained cultures were counterstained with Gill's hematoxylin and photographed.
Immunoprecipitation and immunoblot analysis
For quantitative CKI, Cdk, cyclin and Rb immunoblot analyses, mouse C 2 C 12 myoblasts were cultured as described above in six-well plates or 100 mm dishes according to treatment. Cells (B3 Â 10 6 ) were resuspended in 200 ml lysis buffer (50 mM Tris pH 7.6; 250 mM NaCl; 5 mM EDTA; 0.1% Nonidet P-40; complete protease inhibitor (Roche Molecular Biochemicals)) and sonicated or passed through a syringe. The cell extracts were centrifuged to pellet cell debris. The Bradford Reagent (Bio-Rad Laboratories) was used to estimate the total protein content to ensure equal loadings.
Immunoprecipitations were performed by incubating 200 mg of total protein extract with 1 mg of monoclonal anti-Rb antibody (G3-245; PharMingen) in 100 ml of extraction buffer for 1 h at 41C. Protein A-Agarose (Invitrogen) (50 ml of 50% -washed twice with lysis buffer) was added for 1 h at 41C, followed by centrifugation to pellet immunoprecipitated complexes. After centrifugation, pellets were washed five times with lysis buffer. Pellets were then resuspended in 20 ml 4 Â NuPAGE sample buffer (Novex) and boiled for 5 min.
The total protein (15 mg) or immunoprecipitations were fractionated by 4-12% SDS-PAGE (Novex) and transferred onto a nitrocellulose membrane by electroblotting. The membranes were blocked in TBST/5% milk at 41C overnight, followed by incubation with the primary antibody for 3 h at room temperature. The following primary antibodies were used for immunoblotting; myostatin: 1 : 2000 dilution of rabbit polyclonal antimyostatin antibody (Thomas et al., 2000) ; p15, 1 : 400 dilution of purified rabbit polyclonal anti-p15 antibody (sc-613; Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA); p16, 1 : 400 dilution of purified rabbit polyclonal antip16 antibody (sc-1207; Santa Cruz Biotechnology Inc.); p21, 1 : 400 dilution of purified mouse monoclonal anti-p21 antibody (SX118; PharMingen, CA, USA); p27, 1 : 400 dilution of purified mouse monoclonal anti-p27 antibody (sc-1641; Santa Cruz Biotechnology Inc.); Cdk2, 1 : 400 dilution of purified mouse monoclonal anti-Cdk2 antibody (sc-2648; Santa Cruz Biotechnology Inc.); Cdk4, 1 : 400 dilution of purified rabbit polyclonal anti-Cdk4 antibody (sc-601; Santa Cruz Biotechnology Inc.); cyclin-D1, 1 : 400 dilution of purified mouse monoclonal anticyclin-D1 antibody (sc-8396; Santa Cruz Biotechnology Inc.); cyclin-E, 1 : 400 dilution of purified rabbit polyclonal anticyclin-E antibody (sc-481; Santa Cruz Biotechnology Inc.); a-tubulin, 1 : 3000 dilution of purified mouse monoclonal anti-a-tubulin antibody (DM 1A; Sigma); Rb, 1 : 200 dilution of purified mouse monoclonal anti-pRb antibody (G3-245; PharMingen); E2F1, 1 : 250 dilution of purified mouse monoclonal anti-E2F1 antibody (KH95; PharMingen); NPAT, 1 : 250 dilution of purified mouse monoclonal anti-NPAT antibody (C27; Transduction Laboratories) or 1 : 2000 rabbit polyclonal anti-NPAT antibody (Zhao et al., 2000) . The membranes were washed (5 Â 5 min) with TBST and further incubated with anti-mouse IgG HRP conjugate, 1 : 2000 dilution (W402B; Promega Corp.) or anti-rabbit IgG HRP conjugate, 1 : 1000 dilution (P0448; Dako) secondary antibodies for 1 h at room temperature. The membranes were washed as above, and HRP activity was detected using Renaissance Western blot chemiluminescence (NEL104; NEN Life Science Products Inc.).
Northern blot analysis and RT-PCR
RNA was isolated from cultured RD cells using Trizol reagent (Invitrogen). Northern analysis was performed using 12 mg of total RNA. The membrane was hybridized with 32 P-labelled histone H4 cDNA probe in Church and Gilbert hybridization buffer at 601C, overnight. The membrane was washed at 601C for 15 min each with 2 Â SSC, 0.5% SDS, and then 1 Â SSC, 0.5% SDS.
The myostatin and histone H4 cDNAs were obtained by RT-PCR. First-strand cDNA was synthesized in a 20 ml RT reaction from 5 mg total RNA (from RD cell or C 2 C 12 myoblast total RNA) using SuperScript II preamplification kit (Invitrogen). PCR was performed with 2 ml of the RT reaction at 941C for 20 s, 521C (or 551C for histone H4) for 20 s,and 721C for 1 min for 35 cycles using Taq polymerase (Roche). This was followed by a single 721C extension step for 5 min. The primers used for Myostatin were 5 0 -ATG-CAAAAACTGCAATCTCTG-3 0 and 5 0 -TCA TGAGCACC-CACAGCGATC-3 0 (1128 bp); histone H4 were 5 0 -ATGTCCGGCTGTG GAAAG-3 0 and 5 0 -TCGAAACG TGCAAAGCTG-3 0 (339 bp). The histone H4 probe cDNA was radioactively labelled using a 32 P-(dCTP) (Amersham) and the Rediprime II labelling kit (Amersham) according to the manufacturer's protocol.
